Objectives: The purpose of this study was to determine whether commonly used methods of securing an indwelling catheter decrease the force transmission along the indwelling catheter to the bladder neck in response to an externally applied force. Materials and methods: A test apparatus was constructed to simulate key features of a catheter drainage system. A "bladder neck" was suspended from a force gauge, with an indwelling catheter inserted through it, tensioned with a urine drainage bag. The system was calibrated, and various methods of securement were tested, with the level of force transmitted to the bladder neck recorded. The methods of securement tested included: adhesive tape taped used a number of ways (including direct taping and a taped mesentery), and three commercially available devices. Results: Some securement devices were able to completely eliminate force transmission to the bladder neck (the FlexiTrak and Grip-Lok devices). A taped mesentery performed well reducing the transmitted force by up to 85% compared with an unsecured control. Conclusion: Within the limitations of this study we were able to demonstrate that some of the commonly used methods of securing indwelling catheters do work. We were also able to show that adhesive tape was still effective, although not as effective as commercially available devices.
Introduction
Foley catheters are an indispensable tool for bladder drainage, and their use in urological procedures and care is ubiquitous, with up to 25% of patients in an inpatient setting having one at some point during their admission. 1, 2 Unlike many other medical devices that are commonly inserted into patients (e.g. intravenous cannulas, drains etc.), Foley catheters have an inbuilt mechanism to prevent dislodgement (i.e. an inflatable balloon). However, this only prevents the inadvertent dislodgement of the catheter past the bladder neck and does not hold it in a fixed position. The balloon will also transmit all force applied along the length of the catheter directly to the bladder neck, causing movement-induced trauma. 3 Movement-induced trauma has been associated with discomfort, irritation, bleeding, and pain. It has also been suggested that it can be associated with infection, however this is not yet supported by the literature. 4 Recent attempts to quantify the morbidity associated with catheters has identified mechanical interactions between the catheter and the structures of the lower urinary tract or trauma as the primary source of this morbidity. 5 In order to prevent movement of the catheter, the instruction "secure the catheter" is commonly given following the insertion of a urinary catheter. However, although guidelines for the securement of catheters do exist 3 their evidence base is limited, and often based on habit rather than science. 3, 6 To date, studies considering securing catheters have focused on clinical endpoints such as infection or other measurable complications. 4, 7, 8 However, no studies have considered the securing of catheters from a perspective of basic science, namely: does "securing" the indwelling catheter (IDC) actually result in a decrease in the force exerted at the bladder neck by the catheter balloon? Intuitively, if movement-induced trauma is a cause of catheter-related complications, a securing system must reduce the force experienced at the bladder neck in order to have any clinical utility. The purpose of this study was to determine if -in an idealized ex vivo model -any of the commonly used methods of securing a Foley catheter result in a reduction in the force exerted on the bladder neck by the catheter balloon in response to an externally applied force.
Methods
A test apparatus was constructed to simulate certain key features of a catheter drainage system (Figure 1) . A 16Fr Bard Biocath Foley catheter was inserted through a small wooden board representing a bladder neck, which was suspended from a force gauge. The balloon was then inflated with 10 ml of water. The catheter was tensioned with a Uromax 2L catheter drainage bag suspended over a pulley so that gravity would provide a constant acceleration upon the bag. The weight of the bag was then varied by filling it with water. Weights between 250 g and 2 kg were tested in 250 g increments (i.e. 250 g, 500 g, 750 g etc.). The force exerted on the bladder neck when the catheter was released at each weight was measured by an M&A Instruments NK-50 force gauge measuring in 0.25 Newton increments.
Following calibration with a freely moving system (an unsecured catheter), various means of securing the catheter (see below) were tested. The securing devices and tapes were attached to a smooth, dry wooden board. Each method of securement was tested three times at each weight and the force transmitted to the bladder neck piece each time the catheter was released was recorded. The mean of these results is reported.
Various means of securing a catheter were identified and tested: All methods and devices (other than the StatLock which must be used at the Y-junction of the catheter) were tested immediately distal to the junction, immediately proximal to the junction, and midway along the catheter (15 cm from the junction) ( Figure 3 ). This was done in order to mimic the normal range of securing standards that have been observed by the authors.
Results
The mean force transmitted to the bladder neck piece for the above methods of securement is shown in Tables 1 and  2 . Table 1 presents the methods of securement that can be performed with adhesive tape. This is divided based on where along the length of the catheter the tape is attached (see above, and Figure 3 ). Note that, for some of the tested methods, there were failures within the system with either the securing tape becoming disconnected from the board or the drainage bag becoming disconnected from the catheter. Table 2 shows the results for the commercially available devices, again divided by location along the catheter at which the device was attached.
Discussion
As shown in Table 1 and 2, it does appear possible to secure an IDC and prevent a force applied externally from transmitting to the bladder neck. The commercial securing devices (StatLok, Flexi-Trak, and Grip-Lok) all performed well, with Flexi-Trak and Grip-Lok both proving that they were able to prevent any force being transmitted to the bladder neck in response to the externally applied force. In practical terms, we can therefore recommend these devices to clinicians wanting to protect their patients from any risk of movement induced trauma.
Similarly, it appears that a taped mesentery (in this instance using 2.5 cm Leukoplast with a 2 cm mesentery) performed moderately well. Although not as effective as the commercial securing devices, it was able to substantially decrease the force experienced at the bladder neck. At the maximum tested weight, the mesentery taping immediately proximate to the Y-junction was able to decrease the expressed force by 85%. We note that this is in contrast to the views expressed in recent literature. 9 We would recommend that, if a commercially available device is not available or if cost is a factor, this represents a reasonable alternative.
By comparison, Leukoplast taped directly over the catheter performed poorly. Although at low weights it was able to prevent force transmission, at higher weights (>1 kg) the tape routinely pulled off the board that it was attached to, and substantial force was transmitted to the bladder neck piece. The effect of tape adhesion failure at higher weights was to add an additional impulse to the system. The effect of this impulse made the system's response less predictable (observed through more obvious recoil), and is shown in the experiment as greater peak forces when compared to an unsecured catheter. This is unsurprising given that we were using a latex catheter with a relatively low Young's modulus (i.e. a comparatively low ratio of stress to strain within the catheter, and an ability to deform considerably), which resulted in a shear force on the adhesive tape greater than its shear strength. We would therefore recommend against using this securement technique as it may be worse than not securing the catheter at all. Having established that it is possible to secure a catheter, and that all the methods trialed could decrease the force transmitted to the bladder neck to at least some degree, the question must then be: how much force transmission to the bladder neck is acceptable? Although the complications associated with IDCs are well known, surprisingly little investment has been devoted to investigating the non-infectious complications associated with IDCs, despite the potentially high yield of such research. 2, 10 Movement-induced trauma (or a variation of this) is mentioned in much of the literature considering the non-infectious complications of ureteral catheterization, however there appears to be no evidence base to describe the forces involved in the phenomenon. This may reflect the practical difficulty in studying this problem, as the best evidence would come from in vitro models, which would be ethically and practically challenging to perform. For this reason, we do not know if there is a lower limit to the amount of force required to cause movement-induced trauma in a patient and, as a result, we should assume that less force transmission is better. We would suggest that more thorough scientific inquiry into the phenomenon may be helpful in clarifying this.
There has been some effort to quantify the forces involved in mechanical trauma to the urethra (as opposed to the bladder neck), with the experimental work carried out by Wu et al. 11 and later by Davis et al., 12 who measured the forces involved in inflating a catheter balloon in the urethra, the pressures involved in traumatizing the urethra, and also the forces involved in dislodging the catheter from the bladder neck. We note that in addition to using fresh male cadavers, Wu et al. used an ex vivo model to simulate the normal lower urinary tract, and were able to demonstrate concordance between these two models. We consider the work we have done to be complimentary to these experiments.
Of interest, we note that the forces involved in dislodging the catheter were in similar ranges to some of the forces we observed. For example, in Wu et al.'s 11 cadaveric model using a 16Fr catheter, forces of between 20-45 Newtons were required to dislodge a catheter. Based on our experiment, the lower end of this range is similar to the force transmitted by an unsecured catheter in response to a 2 kg weight (i.e. a full urinary drainage bag), We found that this force could be completely arrested using either the Flexi-Trak or Grip-Lok devices, and reduced to a much more manageable 2.9 Newtons using a taped mesentery.
The principal limitation of this study is that it is an idealized ex vivo model and we did not have the capacity to perform an in vitro experiment to correlate to our findings against. Although consideration was given to performing this experiment in vitro on either a human or animal model, this was felt to be unethical given the potential of traumatizing the bladder neck in the process. In practical terms, this means that our results must be considered to be inferential in how they relate to patients, and we acknowledge that it is likely that the forces experienced at the bladder neck in a living human may be different to our ex vivo model findings.
However, we believe that the idealized nature of our ex vivo model also has advantages. As far as possible, we have minimized sources of variability and bias from our experimental model, such that as far as possible we are only measuring the effect of the securing device or technique on the catheter. By omitting the urethra from our model we have eliminated the effect of anatomical variation on the outcome. By using a smooth piece of wood on which to secure the catheter we eliminated much of the variability of securing the catheter to skin (which may be sweaty or moist, hair bearing, or creased, all of which may have an effect on the adhesive qualities of the commercial devices or the adhesive tape).
It is also worth noting that although our system was simplified as far as possible, it was not closed. A variety of physical effects (for example the friction of the pulley) are likely to have had an impact on the forces being measured. As such it is important to emphasize that the forces measured should be treated as relative rather than absolute.
A further limitation is that only one type of catheter was tested. As discussed above, it appears that there is an effect on the bladder neck related to the elastic properties of the catheter. Therefore, it stands to reason that a different catheter with a different Young's modulus would likely transmit slightly different forces to the bladder neck (e.g. a silicone as opposed to a latex catheter). However, as discussed above, the purpose of this experiment was inferential, and we feel therefore that the more important question is the relative merits of the different means of securing catheters more than it is the absolute value of the forces transmitted.
Also, we did not test circumstances in which the adhesive qualities of the tape were compromised, for example a wet catheter or in extremes of temperature. Although testing these circumstances might mirror real life practice, it would introduce potentially uncontrollable variables into the experiment. As discussed above, the intent was to consider securement in isolation from other factors in order to study the relative merits of the different techniques and devices.
Although not so much a limitation of the study as a limitation of catheter securement, we also acknowledge that the methods of securing an IDC we identified will not prevent a force being applied to a catheter if this is done so deliberately (e.g. the confused patient tugging at their catheter as it exits the urethral meatus). Securement will only prevent transmission of force accidentally applied from the end of the catheter, for example as a result of a drainage bag falling over the side of a bed.
Conclusion
Using an idealized ex vivo model, we were able to demonstrate that it is possible to eliminate force transmitted to the bladder neck from an externally applied force using commercially available devices, and substantially reduce the force transmission using adhesive tape. Therefore, although there is a lack of evidence regarding the exact nature of movement induced trauma, we believe that our results validate the routine practice of catheter securement as the devices and techniques do achieve their intended purpose.
In practical terms, we can therefore recommend that the currently available commercial devices we tested are effective, and that a taped mesentery is a reasonable compromise if such devices are not available. We also demonstrated that the use of adhesive tape directly applied to a catheter (i.e. without a mesentery) was ineffective and should be avoided. We believe that further study is warranted to determine whether there is a floor of the effect of movement-induced trauma.
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